Abstract -In ultrasonic medical imaging, spatial compounding of images is a technique where ultrasonic beam is steered to examine patient tissues in multiple angles. In the conventional ultrasonic diagnostic imaging, the steering of the ultrasonic beam is achieved electronically using the phased array transducer elements. In this paper, a spatial compounding approach is presented where the ultrasonic probe element is rotated mechanically and the beam steering is achieved mechanically. In the spatial compounding, target position is computed using the value of the rotation axis and the transducer array angular position. However, in the process of the rotation mechanism construction and the control system there arises the inevitable uncertainties in these values. These geometric parameter errors result in the target position error, and the consequence is a blurry compounded image. In order to reduce these target position errors, we present a spatial compounding scheme where error correcting transformation matrices are computed and applied to the raw images before spatial compounding to reduce the blurriness in the compounded image. The proposed scheme is illustrated using phantom and live scan images of human knee, and it is shown that the blurriness is effectively reduced.
Introduction
One of the characteristics of ultrasonic medical images is a characteristic granular particle looking structure commonly known as speckle [1] [2] [3] . Speckle is one of the fundamental characteristics of ultrasound imaging arising from the ultrasonic physics, and it is a major cause of image quality degradation. Speckle in ultrasonic images arises from the presence of closely spaced and randomly distributed microscopic scatterers [1, 4] . Techniques such as spatial compounding and frequency compounding have been proposed to reduce the effect of the speckle. These compounding techniques have been widely investigated in research papers [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , and spatial compounding in the image space has been used to reduce speckle brightness variations. In the spatial compounding technique, images are created from ultrasonic echo signals gathered from a number of different ultrasonic beam angles, and these images are merged using appropriate functions such as pixel intensity averaging to form a spatially compounded image. In the resulting images, the structural targets show consistently strong echoes while speckles show reduction in the brightness Consequently, the structural targets in spatially compounded images are enhanced and variations in the soft tissues due to speckle noise are averaged out [16] . This has been demonstrated both in vitro [14, 17] and in vivo [11, [18] [19] [20] [21] [22] . These results indicate that spatial compounding can enhance the delineation of the boundaries and internal structure of lesions. In most of the conventional and commercial systems, the ultrasonic beam steering is achieved by electronically controlling the excitation of the individual elements in the ultrasonic transducer array. However, as the electronic steering angle increases, undesirable properties of the electronic beam steering also increase. For example, grating lobe artifact increases and results in decreased contrast resolution. The effective aperture size decreases as the steering angle increases, and the increased obliquity factor of the element reduces the transducer sensitivity.
A new experimental beam steering approach was proposed in Bae [23] where the ultrasonic beam steering is achieved by mechanically rotating the probe element. The goal is to avoid the problems associated with the electronic beam steering described above. A linear transducer array is rotated about an axis in the plane of the image. The structure of the rotating linear probe is shown in Fig. 1 . This structure was used to investigate the feasibility of a new concept, and has not been studied in other literature or used in commercial products. The linear probe is immersed in water tank and rotated about an axis located above the phantom target, and the rectangular image area attached to the probe rotates with the linear probe. The images acquired from the ultrasonic beams at different rotation angle are used in spatial compounding scheme. However, the construction of the rotation mechanism and the control system accompanies the inevitable uncertainties in the values of the rotation axis position and the rotation angle. These geometric parameter errors result in the target position error, and the consequence is a blurry compounded image. The nominal rotation angle of the rotating probe mechanism may not be exactly the same as the actual values. These geometric parameter errors are caused by the imprecision in the construction of the probe mechanism and cannot be eliminated completely, and must be compensated by a calibration process.
In this paper, we present a spatial compounding technique for the rotating linear probe mechanism proposed in [23] that reduces the effect of the geometric parameter error. The effect of uncertainty in the mechanical parameters was compensated by applying error compensation matrices to the input images before spatial compounding. An efficient algorithm was developed that computes the error compensation matrices. The experimental results show the improvement in the quality of compounded images. The major contribution of this work is that a procedure was proposed that reduces the effect of parametric error of the probe in the ultrasonic spatial compounding. A preliminary result of this work had been presented in [26] . This paper is organized as follows. In Section 2, spatial compounding with geometric parameter error compensation is described. The proposed spatial compounding algorithm is compared with the conventional spatial compounding algorithm, and the procedure to compute the error compensation matrices is described. In Section 3, experimental results are described that includes the phantom and live images, followed by discussions in Section 4 and conclusions in Section 5.
Spatial Compounding with Geometric Parameter Error Compensation
In spatial compounding method, a compounded image is computed from a series of consecutive images obtained at different scan angles [10, 16] . A schematic diagram of rotating linear probe and its image areas are shown in Fig.  1 (a), and a sequence of images with varying rotation angle is shown in Fig. 1(b) . Let I k , k=-N,…0,…N, denote the images obtained at rotation angle θ =k *Δθ where Δθ is the incremental angle of rotation. An example with N=2 is shown in Fig. 1(b) . Images acquired by the rotating linear probe are initially in the reference coordinate frame attached to the rotating probe, and these images need to be transformed to a universal coordinate frame prior to the spatial compounding. In this work, the coordinate frame attached to the image I 0 is used as the universal coordinate frame. As the probe is rotated back and forth, a sequence of images such as I 0 , I 1 , I 2 , I 1 , I 0 , I -1 , I -2 , I -1 ,… is obtained in the universal coordinate frame. In this image sequence, image index k represents the angle of the probe. The image sequence I k is then rearranged in the order of acquisition time index, such that a new sequence of images is written as i I % , i=1,2,3,4,5,…, where i is the time index. In conventional spatial compounding, a compounded image at time step n, Y n (x,y), is computed from current and previous sequence of images using a suitable function F.
where K is the number of images used in the spatial compounding. Examples of the function F used in the literature include linear averaging, median, mean-excludingminimum, root mean square, etc [24] . The function F of linear averaging, for example, computes the linear average of pixel brightness at position (x, y) over the sequence of images. This conventional spatial compounding scheme is shown in Fig. 2(a) . In this work, a linear averaging scheme was used for simplicity, since the specific function F used in the compounding is not relevant when we are trying to reduce the effect of the mechanical parameter error.
In the transformation from the rotating probe coordinate frame to the universal frame, the position of the axis of rotation and the rotation angle of the probe are needed. If these two values contain errors, the same target point would be shown in different positions in different images, and the consequence is a blurry compounded image as shown in Fig. 4(a) . In this work, a series of input images is modified by applying error compensation matrices that will correct the image positions before being used in the spatial compounding as shown in Fig. 2(b) . The error compensation matrices are computed from the images of wire targets of a phantom using image registration. As shown in Fig. 1(b) , the center image I 0 undergoes no rotation and thus is free from the influence of errors in the rotation axis and rotation angle, and thus, the center image I 0 is used as the reference image with respect to which all other wire target images will be transformed for registration. Let Q k (•), k=-N, …0,…N, denote the transformation function that will transform the input image I k and the resulting transformed image be denoted as J k = Q k (I k ). The images must be transformed so that the position of a wire target in J k is exactly aligned with the same wire target position in image I 0 after the transformation, and the process is summarized below.
Step 1: For each image I k , wire target images are converted to binary images using a gray level threshold. Threshold value is selected so that clear binary images of wire targets are obtained.
Step 2: Position vector of wire targets u k,n = [x k,n , y k,n ] T , n=1,…M, are obtained by computing the center of gravity of wire targets in the binary images, where M is the number of wire targets, and x k,n and y k,n are the x and y coordinates of the position vector u k,n of the n-th wire target. Position vectors of the wire targets in the reference image I 0 is denoted as u 0,n = [x 0,n , y 0,n ] T , n=1,…M.
Step 3: Let the position vectors be expressed in homogeneous coordinates [25] . Let H k , k=-N,…0, …N, denote the 4x4 homogeneous transformation matrices that transform u k,n to u 0,n . Then, since the images are in x-y plane, we can write 0, , 
Thus, H k is the transformation matrix that aligns the wire targets of I k to the wire targets of the reference image I 0 as shown in (2) . Using the first, second and fourth row of (2), the equation is simplified as below. 
The matrix T k effectively transforms the target position in input image I k to the correct position, and functions as the error compensation matrix. Applying T k to all wire targets in the image I k ,
Let Eq. (4) be written in a simplified form as 
Fig. 2. Spatial compounding schemes
Step 4: In the transformation J k = Q k (I k ), let the pixel at position (u,v) of I k be transformed to the pixel at position (x,y) of J k . Then, from (3) we can write
Hence, for each pixel position (x,y) of J k , the transformation J k = Q k (I k ) is computed by
where u and v are given by (7) . The sequence of images J k is used in the spatial compounding as shown in Fig. 2(b) . After rearranging the sequence of images J k in the order of image acquisition time steps as
compounded image at time step n can be computed using (1) as below.
Experimental Results
A linear probe is attached to the rotation mechanism so that the probe can be rotated as shown in Fig. 1 . The probe and the phantom targets were immersed in a water tank, and measurements were obtained using Accuvix XQ manufactured by Samsung Medison. The ATS Multipurpose Phantom Model 539 was used. The probe is rotated about the nominal axis point (x,y) = (-2.02mm, 5.94mm). Nominal step angle of rotation Δθ was 1.26 degree, and the probe is rotated through N=8 steps in both clockwise and counter clockwise direction. Images are obtained in 640 x 480 gray level images and used in the spatial compounding. Five consecutive images were used in the compounding computation, (K=5), as this number is commonly used in the ultrasonic imaging industry.
Input images of wire targets in phantom were denoted as I k , k=-8,…0,…8. Binary images of I k were computed by selecting a threshold manually such that wire target positions can be located clearly. In each image, six wire targets near the phantom surface were used (M=6). Wire target positions of I k , u k , n = [x k,n , y k,n ] T , n=1,…6, k=-8, …, 0,…,8, were obtained by computing the center of gravity of each wire target in the binary images. The error compensation matrices T k were computed using (6) , and used in computing the transformed images in (8) . Let the target positions in the images I k and J k be denoted as I u k,n and Hence, the transformation of the images to remove the effect of the errors in the rotation axis and rotation angle is shown to be effective. The transformation matrices are computed only once in the calibration step, and they can be used repeatedly in the spatial compounding process. In Fig  3(b) , position errors of wire targets are shown as a function of frame number. For each target, the position error before the correction is the largest for frame number -8 and +8, which corresponds to the largest probe rotation angle, while the position error is zero for frame number 0, which is zero by definition and corresponds to no probe rotation angle. After the correction is applied, the position errors for all wire target are reduced below one pixel. Spatially compounded images of wire targets from the input images I k are shown in Fig. 4(a) and spatially compounded images of wire targets from the transformed images J k is shown in Fig. 4(b) . It can be seen that blurriness is reduced considerably when the transformed images J k are used. Horizontal line plots through the center of gravity of wire target A of Fig. 4(a) in the five input images are shown in Fig. 5(a) . Peaks of the line plots are not aligned exactly, and five individual peaks can be seen. When these images are used in the spatial compounding, five curves are averaged and the result is shown in Fig.  5(b) . When the transformed images J k were used in the compounding, the alignment of the five individual peaks improved as shown in Fig. 5(c) , and the result is a stronger as well as sharper compounded image as shown in Fig.  5(d) .
The proposed compounding method was applied to the live scan images of a human knee and an image is shown in Fig. 6 . Comparison of the images in three different locations indicated by rectangular boxes shows that when the proposed error correction matrices were used, skin surface line is sharper and the separations of internal structures are improved.
Discussions
Reduced target position error and better alignment of images demonstrates the effectiveness of the error compensation matrices T k in the proposed method. When wire target positions were computed from the original images I k , error between positions of a wire target in I k and I 0 , I E (k,n) =| I u k,n -I u 0,n |, varied from 1 pixels to 15 pixels, the largest error occurring in I -8 and I 8 which can be expected since these two images are acquired at the largest rotation angle. After the transformation of the images using the error compensation matrices, the errors between the positions of wire targets in the transformed images J k and J 0 , J E (k,n) =| J u k,n -J u 0,n |, were found to be less than 1 pixel. Line plots in Fig. 5 show the horizontal line images through the target A. Reason for the blurry wire target A in Fig. 4(a) is shown in Fig. 5(a) where five individual peaks do not overlap exactly and results in target image to spread out when the images were averaged in the compounding. Using the error compensation matrix T k , the alignment of the peaks were improved and resulted in sharper and stronger compounded image. Standard deviation of the position of the five peak values were 5.7 before and 0.2 after the error compensation, and the peak pixel values of the compounded images were 112 before and 155 after the error compensation respectively.
Since both the conventional spatial compounding method and the proposed method use the spatial compounding, it is expected that the speckle characteristics in the results of the two methods should look similar as shown in Fig. 6 . It is the blurring of the targets that is reduced.
Conclusions
We presented a spatial compounding approach where input images are acquired by mechanically rotating linear probe element. A linear transducer array is rotated about an axis in the plane of the image. In the computation of the ultrasound image, we need the values of the axis of rotation and angular position of the transducer array. However, the construction of rotation mechanism and control system accompanies the inevitable uncertainties in these values. These geometric parameter errors result in the target position error, and the consequence is a blurry compounded image. We presented a spatial compounding scheme where error correcting transformation matrices are computed and applied to the input images before spatial compounding to reduce the blurriness in the compounded image. The proposed scheme is illustrated using phantom and live scan images, and it is shown the blurriness is effectively reduced.
